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ABSTRACT
Brush border membrane vesicles (BBMVs) were prepared from 4'h
instar larvae of Asian corn borer Ostrinia furnacalis Guenee. SDS-PAGE
analysis showed major protein bands with molecular weight in the range of 80
kDa to 250 kDa. Ligand blot analysis showed that biotinylated Cry1Ab oendotoxin strongly binds to a -250 kDa receptor protein from 0. furnacalis
BBMV. Another receptor protein of -110 kDa weakly binds to Cry1Ab oendotoxin. At least two isoforms of the -250 kDa receptor protein have a pH
range of 5.5 to 6.5 as determined by 2D-electrophoresis. Post-translational
modification of 0. furnaca/is BBMV proteins was also detected as revealed by
the presence of two glycosylated proteins with molecular weights of>250 kDa
and 70 kDa, respectively.
Alanine scanning mutations were introduced in domain 11113-sheet 13
of Cry1Ab o-endotoxin. Results of bioassays showed a 5 to 7 fold reduction in
insecticidal activity in Serine556Alanine, Serine ss ,Alanine and Serine,..AlanineSerine557Alanine mutants of Cry1Ab protein. The decrease in insecticidal
activity suggests that Serine556 and Serine 557 are both important residues in the
toxicity of Cry1Ab o-endotoxin to 0. furnacalis.
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INTRODUCTION

ne
Asian corn borer (ACB) Ostriniajurnacalis Guenee is considered as the
major insect pest of corn in the Philippines. Farmers report yield loss ranging from
20% to 80% (Mutuc et al., 2011 ). An economic threshold of not more than one larva per
plant was previously established by Morallo-Rejesus et al. ( 1990). The successful
application of genetic engineering to agricultural crops has brought about the
development of commercial transgenic corn events that are highly effective against
ACB infestation. Bacillus thuringiensis (Bt) cry lAb gene is the first to be successfully
deployed in Bt corn. The benefits of planting Bt corn for food and feed production
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include reduced operational costs and less dependence on chemical insecticides. Bt
corn offers all-season long protection from ACB infestation. On the other hand, the
continuous field exposure of ACB to Bt corn, together with poor implementation of
resistance management measures, might hasten the development of full-blown fieldevolved resistance. It is now well recognized that midgut receptor modification is a
major avenue for development ofBt resistance in several insect species (Gahan et al.,
2001). Understanding the nature of Cry 6-endotoxin interaction with ACB midgut
proteins is important for developing effective strategies for delaying ACB resistance to
both conventional Bt-based microbial insecticides and Bt corn. Among the 3-domain
structures of Cry 6-endotoxins, Domain III is the least studied. It has been proposed
that Domain III of Bt Cry 6-endotoxins may also be a determinant of insect specificity
and receptor binding (Schnepf, 1995). Since there is lack of information on both the
CrylAb 6-endotoxin binding with ACB midgut proteins and the role of J3-sheet 13 in
toxicity of CrylAb to ACB, the present study was conducted with the following
objectives: 1) to identify the Asian corn borer Ostrinia Jurnacalis Guenee (ACB)
midgut receptor protein for binding CrylAb 6-endotoxin, 2) to determine posttranslational modification of ACB midgut proteins, and 3) to determine the role of
amino acid residues in domain III J3-sheet 13 (S556, S557) of CrylAb 6- endotoxin.

METHODOLOGY
Preparation

of brush border membrane vesicles (BBMVs). Midguts were
dissected from the 4°' instar larvae of laboratory-reared ACB collected from UPLB
Central Experiment Station. The isolated mtdguts were used to prepare brush border
membrane vesicles (BBMVs) as described by Wolfersberger et al., (1987). Briefly,
isolated midguts were homogenized in buffer containing 300 mM mannitol, 5 mM
EGTA, and 17 mM Tris, pH 7.5. BBMVs were then isolated from the homogenized
tissue by successive MgCl2 precipitation and centrifugation steps. The BBMVs were
stored at-80°C until use. The quality ofBBMVs was examined by electron microscopy. ,
Characterization of ACB midgut receptor. Detergent (3-[(3-Cholamidopropyl)

dimethylammonio)-1-propanesulfonate)
CHAPS-solubilized
BBMVs were
electrophoresed in a 7. 5 % native polyacrylamide gel. The fractionated BBMVproteins
were transferred onto polyvinylidene difluoride (PVDF) membrane by electroblotting.
The specific binding of CrylAb 8-endotoxin to BBMV proteins immobilized on the
PVDF membrane was detected colorimetrically, as follows: The membrane bound
BBMV proteins were incubated with 0.2 µgtml biotin-labeled CrylAb in Tris-buffered
saline (TBS) (20 mM Tris, 500 mM NaCl, pH 7.5) containing 0.4 mg/ml bovine serum
albumin for 1 hour at room temperature. After washing several times with TBS
containing 0.4 mg/ml BSA and 0.05% Tween-20, the membrane was incubated with
goat anti-biotin antibodies for 1 hour at room temperature, washed, and visualized
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using 5-bromo-4-chloro-3-indolyl phosphate (BCIP) and nitroblue tetrazolium (NBT).
Two dimensional electrophoresis was utilized to examine the possible existence of
isoforms of the receptor protein. Equipment and reagents were purchased from BioRad. Two-dimensional
(2D) gel electrophoresis is the combination of two highresolution electrophoretic procedures (isoelectric focusing and SDS-polyacrylamide
gel electrophoresis) to provide much greater resolution than either procedure alone. In
the first-dimension gel, solubilized proteins were separated according to their
isoelectric point (pl) by isoelectric focusing. This gel was then applied to the top of an
SDS-slab gel and electrophoresed. The proteins in the first-dimension gel migrated
into the second-dimension gel where they were separated on the basis of their
molecular weight. The detailed procedure for conducting 2D electrophoresis was
followed as described by the manufacturer. Post-translational modification of 0.
Jurnacalis BBMV proteins was determined using commercial glycosylation detection
kit (Bio-Rad). The protocol provided by the manufacturer was followed for detection
of glycosylated BBMVproteins.

Site-directed mutagenesis ofdomainIII,fl-sheet 13 ofCrylAb 6-endotoxin. The
Gene Tailor site-directed mutagenesis kit (Invitrogen) was used for generating the
mutants (Bayot and Alcantara, 2011). Briefly, plasmid DNA harboring crylAb gene
was methylated with DNA methylase for 1 hour at 37°C. After introducing the desired
mutations in the cry lAb gene, the plasmid DNAwas transformed into an Escherichia
coli host. The mcrBc endonuclease in the host cell digested the methylated plasmid
DNA, leaving only unmethylated, mutated product. Mutagenic primers were customsynthesized to direct alanine substitution mutations in Serine556 and Serine557• These
two amino acid residues are located in Domain III B-sheet 13 ofCrylAb 6-endotoxin.
Mutants were confirmed by DNAsequencing at Macrogen, Korea. The target site on the
Cry lAb protein is shown in Figure 1.

-

-

Serinc,,6
Seriness,

Figure 1. Location of target amino acid residues for
mutation, Serine550 and Serine557. as indicated
by the arrows in domain 111 13-sheet 13 of
Cry1Ab protein.
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Functional analysis of modified CrylAb 6-endotoxin. Artificial diet surface
contamination bioassays (Alcantara et al., 2011) were carried out to determine the
effect of CrylAb mutations on insecticidal activity against neonate ( < 24 hour) ACB
larvae. Preparation of activated wild type and mutant CrylAb 6-endotoxins was
carried out as described by Bayot and Alcantara (2011 ). At least six concentrations of
CrylAb 6- endotoxins were used for each assay. 1\venty larvae were used for each
concentration. Mortality was scored after five days. Data were analyzed by probit
analysis.
RESULTS AND DISCUSSION

Receptor characteristics. Brush border membrane vesicles were successfully
prepared from the isolated midguts of 4th ins tar ACB larvae using the magnesium
chloride precipitation method. Electronmicrograph (Fig.2) shows several populations
of BBMVs with varying sizes. The largest vesicles were about 0.53 usu in diameter.
SDS-PAGE analysis of CHAPS-solubilized corn borer BBMVs revealed four major
protein bands with large molecular sizes ranging from 80 kDa to greater than 250 kDa
(Fig. 3). The varied proteins detected by SDS-PAGE analysis in this study might also
represent other membrane integral proteins such as ion channels and symporters.
Lorence et al. ( 1995) reported the presence of intrinsic ion channels in Spodoptera
Jrugiferda BBMVs. The K+/amino acid symporters are thought to be inhibited also by
Cry proteins (Giordana et al., 1993). 2-D electrophoresis
confirmed the high
molecular weight nature of most of the BBMVproteins from the midgu t of ACB (Fig. 4).
At least two isoforms ( > 250 kDa) of the -250 kDa protein with pH 5.5 and pH 6.5 are
evident in the 2-D electrophoresis gel. These large molecular weight proteins might
correspond to the cadherin receptor protein ofCrylAb 6-endotoxin observed in other
insects (Fabricketal., 2009; Likitvivatanavongetal., 2011; .Zhangetal., 2012).

Figure 2. Transmission electron micrograph of brush
border membrane vesicles (BBMVs) prepared
from isolated midguts of 4th instar larvae of
Asian corn borer Ostrinia furnaca/is Guenee.
Arrows point to BBMVs magnified 15,000 x.
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Figure3. SOS-PAGE (10%) analysis of brush border
membrane vesicle proteins prepared from
isolated midguts of Asian corn borer Ostrinia
furnacalis Guenee. Lane 1, molecular weight
markers, in kilo Dalton (kDa) Lane 2, solubilized
BBMV.
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Figure 4. Two-dimensional (20) electrophoresis of solubilized brush border membrane vesicles prepared from corn
borer midguts. Arrows indicate position of brush border membrane vesicle proteins. Values above figure
indicate pH range of ampholyte.
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Since the successful preparation of brush border membrane vesicles (BBMVs)
from isolated insect mtdguts (Wolfersberger et al., 1987) several important concepts
concerning Cry protein mode of action were formulated and verified. First, receptors
are important membrane structures that regulate specificity of Cry proteins
(Hoffmann et al., 1988; Van Rie et al., 1989). Second, binding of Cry proteins to
receptors in the insect midgut is composed of reversible and irreversible components
(Rajamohan et al., 1996), the latter being correlated with insecticidal activity (Liang et
al., 1995). Third, in the Cry protein itself, there are specific amino acid residues
involved in receptor binding (Ge et al., 1989). Fourth, ion transport studies reveal the
nature of Cry protein ion channel function (Lorence et al., 1995; Martin and
Wolfersberger, 1995; Carroll and Ellar, 1997). Therefore, the availability of BBMVs
from the ACB offers an opportunity to test the validity of these concepts regarding the
molecular mode of action of CrylAb in this insect. Because early instar ACB larvae are
very small, 4°' instar stage was used to isolate enough larval midguts for BBMV
preparation. Brush border membrane appears as finger-like projections on the apical
surface of the midgut. These projections form vesicles once they are sheared off by
mechanical force from the midgut. It might be possible also that these projections are
variable in length such that after shearing off by homogenization, vesicles of varying
sizes are formed.
A single major band of about -250 kDa bound strongly with biotinylated
CrylAb 6-endotoxin (Fig. 5). An ACB midgut receptor protein of almost the same
molecular size (260 kDa) was reported by Tan et al. (unpubl.) to bind strongly to
CrylAb 6-endotoxin. These two proteins might be the same receptor of CrylAb 6endotoxin because European corn borer (ECB) and ACB have been shown to be similar
in terms of susceptibility to Cry toxins (Tan et al., 2011). Previous studies on ECB have
identified this -250 kDa midgut protein as a cadherin-like protein (Hua et al., 2001;
Siquieraetal., 2004; Flannagan etal., 2005).
Another faint band corresponding to molecular size of - 110 kDa was also
observed in the ligand blot (Fig. 5). The -110 kDa protein could be a variant of an
aminopeptidase N receptor. Aminopeptidase N (APN) is another CrylAb 6-endotoxin
receptor protein present in ACB rmdgut (Tan et al., unpubl.). Binding to APN is one of
the determinants of insect specificity and insecticidal activity of CrylAb 6-endotoxin.
In the majority of cases, modification of APN is the basis of insect resistance to Cry
proteins (Ferre et al. 1991; Macintosh et al., 1991; Van Rie et al. 1990; Lee et al 1995;
Khajuria et al., 2011). In a recent gene silencing study .by Khajuria et al., ( 2011),
toxicity of CrylAb was reduced after susceptible 0. nubilalis larvae were fed with
dsRNA directed against the expression of APN gene in the midgut. The -110 kDa
protein, being a degradation product of the -250 kDa receptor protein, is another
possibility because proteolytic degradation was also observed to occur in tobacco
hornworm Manduca sexta cadherin receptor protein ( Candas et al., 2002).
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Figure 5. Binding of biotinylated Cry1 Ab to immobilized corn borer brush border membrane vesicle protein. CHAPSsolubilized brush border membrane vesicles prepared from isolated 4"' instar corn borer midguts were
electrophoresed in 7.5% polyacrylamide gel. The fractionated proteins were immobilized on PVDF
membrane. Ligand binding was detected colorirnetrically. Protein molecular markers (in kilo Dal tons, kDa)
used are indicated at the left.

The test for post-translational
modification revealed the presence of 'a
glycosylated major (>250 kDa) and minor (70 kDa) protein bands (Fig. 6). Recent
studies reported that post-translational modification is present in receptors of Cry
proteins. In certain cases, this modification is important in the binding of Cry proteins
(Knowles et al. 1991; Masson et al., 1995). Flannagan et al. (2005} reported 14
glycosylation sites in the cadherin receptor of 0. nubilalis. The identity and role of the
glycosylated proteins discovered in the present study is unknown. It could only be
hypothesized that the glycosylated > 250 kDa band is in fact one of the receptor
proteins ofCrylAb 8-endotoxin. The strongly glycosylated band (about 70 kDa) could
be a degradation product of the -250 kDa receptor protein or is a different membrane
protein such as alkaline phosphatase (Pigott and Ellar, 2007) which might be involved
in binding other Cry 8-endotoxins. Mutational study reported by Jenkins et al. (2000)
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showed that binding of CrylAc 8-endotoxin to a sugar moiety attached to receptor
purified from tobacco hornworm Manduca sexta midgut, is important for insecticidal
activity. In addition, a recent study showed that altered glycosylation of Cry proteins is
another mechanism ofresistance development in insects (Jurat-Fuentes et al., 2002).
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Figure 6. Ligand blot of glycosylated Cry1Ab receptor protein isolated from midgut brush border membrane vesicles
of Asiatic corn borer. Arrows indicate position of glycosylated protein bands'

'kilo Dalton
'CHAPS-solubilizedbrush border membrane vesicles prepared from isolated 4• instar corn borer midguts were electrophoresed in 7 .5% polyacrylamide gel.
The fractionated proteins were immobilized

on PVDF membrane. Glycosylation was detected colorimetrically.
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Mutational analysis. Domain III of Cry 5-endotoxins has been demonstrated by
previous studies to be involved in insect specificity (Ge et al., 1991 ), receptor binding
(de Maagd et al., 1999; Bravo et al., 2005) and ion channel activity (Wolfersberger et
al., 1996). In this study, alanine scanning mutagenesis was utilized to determine the
role of domain III P-sheet 13 residues Serine., and Serine.; in insecticidal activity of
Cry I Ab 6-endotoxin to ACB larvae. Alanine-scanning mutagenesis is a simple and
widely used technique in the determination of the catalytic or functional role of
protein residues. Alanine is the substitution residue of choice since it eliminates the
side chain beyond the p carbon and yet does not alter the main-chain conformation (as
can glycine or pro line) nor does it impose extreme electrostatic or steric effects
(Cunningham and Wells, 1989). Results of alanine scanning mutagenesis are shown
in Figure 7.
DNA sequencing data confirmed that all introduced mutations were highly
specific to the intended target sites in domain III. Bioassays of corresponding mutant
proteins showed significantly reduced (5- 7 fold) insecticidal activity (Table 1) to
neonate ACB larvae. The reduction in insecticidal activity of these mutants might be
attributed to reduced binding to glycosylated receptor proteins in the ACB midgut.
The fold of the Cry o-endotoxin domain III is galactose-binding domain-like fold
(Kitami et al., 2011). The double alanine substitutions in Ser556 and Ser557 did not result
in greater loss of insecticidal activity as compared to either single alanine substitution
mutant. The absence of such additive effect could be explained by two reasons
(Wells, 1990), first, the mutated residues interact with each other by direct contact or
indirectly through electrostatic interactions or structural perturbations so that they no
longer behave independently, and second, the double mutation caused a change in
mechanism or rate limiting step in the reaction. The bioassay results clearly suggest
that these two residues are involved in the insecticidal activity of CrylAb 6endotoxin in ACB.
Table 1. Toxicity of domain Ill, !3-sheet 13 modified Cry1Ab proteins to Asian corn borer Ostrinia
furnacalis.'

Protein
Wild type
Sss6A
S557A
Sss6Sss1Ass6Ass1

LCso (ng/cm")

Slope
1.07
0.83· ·
0.82
0.83

19.11
131.18
114.36
97.66

Fiducial Limits
12.83-26.09
82.96-259.34
72.87-217.51
63.19-174.95

'A total of 300 neonate larvae were used for the bioassay of each protein. Mortalities were scored after 5 days.
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Figure 7. Alanine scanning mutagenesis of domain Ill, j3-sheet 13 of Cry1Ab o-endotoxin gene of Bacillus
thuringiensis.
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SUMMARY, CONCLUSION AND RECOMMENDATION
A -250 kDa protein is the major receptor for CrylAb 6-endotoxin binding in
the midgut of ACB larvae. Immunoblot study or polymerase chain reaction (PCR)
analysis should be conducted to determine the identity of the midgut receptor protein.
The ligand blot method described in this study could be utilized as a qualitative
biochemical method to monitor development of ACB resistance to CrylAb 6endotoxin. Post-translational modification occurs in the ACB midgut as evidenced by
the presence of two glycosylated proteins (70 kDa, >250 kDa). The amino acid
residues Serine556 and Sertne.j, in domain III 13-sheet 13 have a role in insecticidal
activity of CrylAb 6-endotoxin in ACB larvae. A detailed study focusing on specific
roles of these residues in receptor binding and ion channel activity should be
conducted.
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